, N. E. Harff (1112) , T. M. Eiles (1112) , and J. R. Wendt (1322).
Purpose of LDRD Research
The purpose of this LDRD was to perform basic exploratory research in the area of electron wave interference and other electronic phase-coherent effects. In contrast to the large-scale diffusive transport occurring in today's electronic devices, these new phase coherent effects occur only at ultra-small sizes and are purely quantum in nature. They thus represent a completely new physical regime, which is only partly understood. As present day electronic devices are scaled down to increasingly smaller sizes in order to realize an increase in speed, the limits at which these new nano-scale quantum effects dominate their behavior are being reached. Thus it is becoming ever more crucial to fully understand this new research area of quantum nanoelectronics.
In addition, though small-size effects are currently becoming increasingly detrimental to the performance of today's electronic devices, they have considerable promise for providing new operating principles for the devices of the future. Such nanoelectronic physical phenomena are appropriate for devices on the sub-micron size scale. One example of such a small-size effect is phase-coherent tunneling. Since it is a purely quantum effect, it is expected to be of inherently high speed. Further, the complicated I-V curves and negative differential resistance appearing in tunneling devices allow the possibility of increased functionality--the ability to accomplish the same circuit functions using many fewer transistors.
In this LDRD we examined two different types of electron phase coherent effects. The first area examined was that of laterally patterned nanostructures in a high-mobility two dimensional (2D) electron gas. The extremely high purity of molecular beam epitaxy-grown GaAdAlGaAs heterostructures allows the electron phase-coherence length Z$--the distance an electron travels before scattering inelastically and having the phase of its wavefunction randomized--to be as high as a few lo's of microns at mK temperatures. Using electron beam lithography, it is possible to laterally define semiconductor structures with submicron lateral dimensions. Since these structures are smaller than Z$, electron interference becomes possible in multiply connected geometries such as rings I and loops. This interference phenomenon is a solid-state analogue of Young's two slit interference experiment for photons, only it uses electrons. In addition, when using depletion gates to define a nanostructure, the electrons can be furzher confined, electrostatically, to a region considerably smaller than the lithographic dimensions of the device. In this way it becomes possible to create structures whose size is the order of the electron wavelength. In this case momentum is quantized in the lateral direction, producing 1D and OD electronic structures. We examined quantum interference in ebeam written structures consisting of split-gates operating in depletion mode. A new technique for gating isolated submicron islands was invented, using suspended metallic airbridges having small submicron posts dropping down to the sample surface. By placing such an air-bridge post in the middle of a narrow split-gate constriction, we were able to investigate the way in which the quantized conductances of two quantum point contacts (short 1D channels) added together. There appeared to be a locking together of the channel occupancies, so that the 1D subbands in the two channels tended to depopulate together as the gates were swept. Magnetic focusing of electrons from one channel into the other was also observed. These experiments are described at length below. This work led to several publications and conference presentations. In addition, as a result of this work we conceived of a new technique for measuring OD electronic nanostructures (or "artificial atoms") using a separate specialized charge-sensitive nanostructure as the detector. A new LDRD for FY95 ("Artificial Atoms," Case No. 3528.020) was awarded to carry out this proposed experiment.
The second area examined in this LDRD was transport in coupled double quantum wells, spaced closely enough together that the two dimensional electrons are able to tunnel h m one quantum well to the other without additional scattering, i.e. while retaining memory of their phase, energy, and momentum. Due to the unprecedented control over material growth structure provided by MBE, the vertical geometries of these tunneling structures can be defined to within a single atomic layer. Several new tunneling phenomena in this system were discovered, to be described at length below. In addition, theories of both phase-coherent inter-quantum well tunneling and of band structure and effective mass anomalies in coupled double quantum wells, both of these closely supporting the experimental work, were developed by Sandia for the first time.
Our theoretical and experimental work on double quantum wells led to two best poster awards (from fields of more than 100 competitors) at international conferences, several publications including a Physical Review Letter, and several presentations including an invited talk at the American Physical Society March Meeting in 1995. In addition, based on this work we conceived a new type of tunneling transistor with significant advantages over previous designs. A patent disclosure and a patent application based on this idea have been filed, and a new LDRD for FY95 ("Double Electron Layer Tunneling Transistor," Case No. 3505.440) was awarded to demonstrate a proof-of-principle of the device.
Approach
As mentioned above, a crucial consideration in designing experiments to observe such effects is the electron phase-coherence length, Z+. This is roughly equivalent to the inelastic scattering length Zin. Because an inelastic scattering event changes the energy of the electron and randomizes its phase, no interference or phase-coherent tunneling phenomena can be observed over length scales longer than this. Thus any program in small size quantum effects requires that the experimental devices be made as small as possible, and that one use material with ultra-high mobilities and perform measurements at ultra-low temperatures, both of which serve to greatly increase Z+ The initial phase of the LDRD involved establishing these three capabilities at Sandia, which existed only in piecemeal form, if at all, previously: (1) high-mobility materials growth in GaAs/AlGaAs; (2) state-of-the-art nanostructure fabrication; and (3) low-noise, high magnetic field measurements at mK temperatures. The ability to routinely grow GaAs heterostructures of mobility 2.6 x 106 cm% was developed, and a low-temperature lab consisting of a dilution refrigerator (30 mK) and 3He system (280 mK) with a 15 T magnet, and low-noise electrical measurement equipment, was set up. A process was developed for the fabrication of working nanostructures, including lowdensity contacts, optical lead lithography, and e-beam writing and alignment of nanostructures.
Accomplishments
Our work on transport in double quantum well structures and on electron interference in lateral nanostructures resulted in 10 refereed publications and 9 presentations (2 invited) over the life of the project. Two of the presentations won best poster paper awards at the international conferences at which they were presented. Attached to this SAND report as appendices are copies of the 10 refereed publications resulting from this work. In addition, based on work already completed, we expect to complete 2 additional journal publications and will present 4 more presentations at the 1995 American Physical Society March Meeting, one of which is invited. Also as a result of this LDRD's research, we conceived of an idea for a new type of tunneling transistor based on the new physics of 2D-2D tunneling in double quantum wells, and have filed 1 patent application and 1 patent disclosure on this topic. A graduate student from Oregon State University, Nathan Harff, joined the project in its third year and will write his doctoral dissertation partly on results obtained through this LDRD project. In addition, a post-doctoral researcher, Travis Eiles, was hired in the third year to assist with research on this LDRD. Finally, two new LDRDs were awarded for FY95, to conduct research on new ideas conceived as a result of the present LDRD. One LDRD is to demonstrate a proof of principle for the new tunneling transistor, and the other is to examine single electron effects in OD confined semiconductor structures using a clever new measurement technique we recently conceived of. Both Nathan Harff and Travis Eiles will continue their work under the auspices of these new LDRD projects.
A listing of these publications, presentations, patents, and various other accomplishments appears in Appendix I below. Here we give descriptive summaries of our major research accomplishments under this LDRD.
1. Two-dimensional --two dimensional mametotunneling: exmriment A series of double quantum well heterostructures were grown in the GaAs/Alg.3Gao. As system, with the barrier between the two wells having a thickness on i.e. there is finite and measurable tunneling between the wells, but the time it takes for an electron to undergo inter-well scattering is much longer than the time for it to undergo the order of 65 1 . This corresponds to the condition of weakly coupled quantum wells; intra-well scattering. The samples were patterned into standard Hall bars with ohmic contacts reaching both quantum wells simultaneously, and a broad surface Schottky gate covering the entire mesa. We fully characterized the density and mobilities of each quantum well by examining their quantum Hall characteristics in a perpendicular magnetic field at various gate voltages. When the densities in the two wells were equal, the beating in the Shubnikov-de Haas oscillations were seen to disappear. In addition, quantum Hall minima corresponding to odd-integer total filling factor were observed to disappear.
It was observed that in magnetic fields perpendicular to the plane of the 2D layers, the conservation of momentum allows 2D-2D tunneling only when the densities of the two wells are equal, so that their Fermi circles lie on top of one another. In fields 2 3 Tesla, tunneling was seen to be suppressed even when the densities are equal. This is due to the appearance of long-range electronic order in the presence of strong perpendicular fields: the electrons find it energetically advantageous to undergo inter-well ordering, leading to the collapse of the symmetric-antisymmetric energy gap. Another way to say this is that a new high-field energy state arises from the correlation of density fluctuations between the two wells, leading to the collapse of the odd-integer quantum Hall states.
We also performed the fxst measurements of inter-well tunneling in a densityimbalanced double quantum well in an in-plane magnetic field. In doing so, we developed a new gated-bridge measurement technique which does not require independent contacts to the two 2D electron layers, and is thus much easier than previously existing techniques. A transmission line model is used to extract the tunneling conductivity. In zero magnetic field, tunneling was seen to occur only when the two wells' densities are equal, due to the conservation of energy and momentum in a tunneling event. With the application of a magnetic field B parallel to the plane of the 2D layers, the Fermi circle of one well is shifted relative to that of the other well by an amount Ak = 2nedB/h, where d is the distance between the two 2D electron layers. We have demonstrated that tunneling can then occur even when the well densities are not equal, and that it is given by the overlap of the (scattering-broadened) perimeters of the two Fermi circles. The result is that as magnetic field is varied, two maxima in the tunneling conductivity occur. The first maximum corresponds to one Fermi circle tangentially overlapping the second Fermi circle on the inside, Ak = kl -k2. The second maximum corresponds to tangential overlapping on the outside, Ak = kl + k2. The data agreed well with non-rigorous simulations based on this simple model. We also demonstrated for the first time that interwell tunneling can be locally controlled by gates on the length scale of about 1 pm. Since this is less than the material's inelastic electron scattering length, this opens the possibility of quantum interference between adjacent inter-well tunneling paths. 
Two-dimensional --two dimensional marmetotu nneline: theorv
The fust rigorous analytic theory of inter-well tunneling was developed. This was a linear response theory of incoherent tunneling between the two quantum wells. The tunneling conductance, calculated by evaluating the current-current correlation function, shows resonances as a function of in plane magnetic field. The widths and heights of the resonance peaks depend sensitively on the intra-well Scattering times and the temperature. Due to this sensitivity, the theory provides a new way to extract intrawell scattering times from the tunneling data. This is important since scattering is highly anisotropic in GaAs, making it impossible to directly extract scattering times from simple mobility measurements. Tunneling was seen to occur not only through the ground energy sublevels but also through the higher energy sublevels, which can be important at high temperatures. Using a differential transmission line model, analytic relationships between the source-drain conductance and the tunneling conductance were obtained. The predictions of the t h e w showed excellent agreement with our tunneling data.
New e-beam lithomphic techniaue for producing isolated submicron gates
A new process was developed for the fabrication of submicron footprint air bridges in the production of quantum interference nanostructures. The single step metallization process is capable of producing sub-micron gate contacts without the need for dielectric spacer layers. Using a selective exposure/development electron beam lithography process with a bilevel resist profile, we created air-bridge structures that are 0.5 pm above the semiconductor surface. These air bridges are made with 700 nm of evaporated Ti/Au and exhibit excellent integrity and strength, showing no difficulty in spanning over 20 pm between support posts. The metal is deposited in a single evaporation and lift-off step. With the above dimensions, contact posts were fabricated with diameters of 100 nm. Additionally, the process is self planarizing due to the resist spin-on and therefore no difficulty is encountered in bridging first level metal or etched semiconductor steps.
Oua ntum interference and maenetic focusinp -in t wo indeuendentlv tunable uarallel point contam
The new submicron gating technique described above was used to fabricate novel nanostructures which previously presented serious fabrication difficulties. We used a sub-micron contact post placed within a narrow split-gate constriction to fabricate an island-in-the-strait geometry device with an independently contacted center island. Low temperature measurements clearly demonstrated the formation of two parallel quantized conductance channels on either side of the center island. The parallel channels were modulated independently by either of the side gates, or together by the center island gate. The quantum interference of the two channels was clearly seen, since the two channels together exhibited conductance steps in units of 4e2/h, while independent measurements of each channel showed conductance steps in units of 2e*/h. This indicates their tendency to lock together.
On a nominally identical structure we investigated magnetic focusing at low magnetic fields. When only one of the channels was open, the low-field magnetoresistance was monotonically negative, indicative of field-induced suppression of backscattering. When both channels were open, peaks were superimposed on the negative magnetoresistance background. The resistance peaks were symmetric in magnetic field and occurred at field positions which were constant under a wide range of gate bias conditions. These peaks occurred because of magnetic focusing from one channel to the other. Though classical cyclotron orbits have been shown to account for magnetoresistance features in antidot arrays, to our knowledge this was the first time it has been shown how a single antidot island separating two quantized conductance channels can lead to similar behavior.
Discoveryo f novel e n e r w p in doub le auantum wells: experiment
We investigated the in-plane conductance of closely coupled quantum wells in the presence of an in-plane magnetic field. A series of samples were own with barrier scattering times were smaller than the intra-well scattering times, or equivalently, that the electrons were not localized in one well or the other. We obtained indisputable evidence of a new kind of partial energy gap, induced by in-plane magnetic fields. Our work on this system revealed a multicomponent Fermi surface whose shape and topology are tunable by magnetic field. The effect of the magnetic field is to shift the two quantum well dispersion curves relative to one another in k-space. At sufficiently high fields the curves anticross, producing a partial energy gap. The size of the energy gap is controlled by the grown width and height of the barrier between the quantum wells, while the position of the gap relative to the Fermi level can be tuned by the strength of the field. By moving the energy gap through the Fermi level, the conductivity was strongly modulated, by as much as 30 %. These results were somewhat surprising: naively one would expect no modulation, since no net Lorentz force nor Landau level formation occurs for magnetic fields parallel to both the growth plane and applied current direction. The effect is actually due to a Lorentz force on electrons randomly tunneling between the two quantum wells, even though they carry no current. By applying a simple model to the way in which the anticrossing features evolved with gate voltage, we were able to directly extract the gap energies for several different samples. These energies were in very good agreement with those obtained via a self-consistent solution of Schrodinger's and
Poisson's equations. We note that this novel energy gap is especially interesting because it resembles that occurring naturally at anticrossings in the band structure of semiconductors, only it is artificially produced and easily variable. This work was the fnst observation of an artificially produced anticrossing with sufficient resolution to resolve the energy gap, and attracted a good deal of attention. Two best poster paper awards were achieved at international conferences, and an invited talk will be given at the APS March Meeting in San Jose in 1995.
thicknesses between the two quantum wells sufficiently small (15-35 f r ) that the interwell 6. Novel energy_gaD at the a nhcross ' imindoub le auantumwells: theory A rigorous theory of the transport anomalies in strongly coupled double quantum wells subject to in-plane magnetic fields, described above, was developed by us for the first time. The experimentally observed anticrossing and energy gap were predicted. In addition, the electronic density of states and scattering rates at various regions in the double quantum well dispersion curve were calculated for various magnetic fields. Singularities in the density of states were theoretically observed near the edges of the novel energy gap. A calculation of the in-plane conductivity produced two features corresponding to the edges of the energy gap. Thus the theory explained and confirmed our experimental observation of large features in the in-plane conductance, in general agreeing excellently with the data. In addition, predictions of anomalies in the thermoelectric power were obtained, though no experimental verification exists at present. 7 . Giantcvc lotron mass de viations in DOWs: experiment Extremely large deviations in the electron's cyclotron mass were measured in double quantum wells subject to in-plane magnetic fields. Based on our earlier work on the novel energy gap appearing at the anticrossing of the dispersion curves, we surmised that the electron mass near the upper edge of the energy gap should be greatly repressed, while the mass near the lower gap edge should be enhanced. This occurs because the mass is related to the curvature of the dispersion curves, which becomes greatly distorted near the gap edges. We measured the masses by adding a small perpendicular field to the in-plane magnetic field, producing Shubnikov-de Haas oscillations in the vicinity of the anticrossing. By examining the temperature dependence of the Shubnikov-de Haas oscillations, we were able to extract the cyclotron mass at various regions of the dispersion. The mass near the upper gap edge was observed to be repressed by more than a factor of 3, while that near the lower gap edge was enhanced by -50 %. In addition, by measuring the changing period in inverse perpendicular magnetic field of the oscillations, we obtained a measure of the area in k-space of the dominant cyclotron orbits for various regions of the dispersion. These results provided a strong confjmation of our earlier discovery of the novel anticrossing energy gap, and provide an excellent example of how material parameters can be beneficially modified through the application of artificial structure.
Giant cyclotron mass deviations in DOWs: theory
The cyclotron mass in double quantum wells was calculated using a perturbative approach, as a function of both in-plane magnetic field and Fermi energy. The shape of the Fermi surface was observed to vary continuously due to the partial minigap formed by the B-induced anticrossing of the two quantum well energy dispersion curves. In two dimensions, the cyclotron mass was shown to be proportional to the density of states at the Fermi surface. Sharp B-dependent structures arose from abrupt orbit changes near the gap, in excellent agreement with our experimental data. In addition, new effects were predicted for the case where only one energy branch in the dispersion was populated, which has not yet been experimentally investigated.
I
9. Novel electronic device concepts and associated patents As a direct outgrowth of our research on 2D-2D tunneling, we proposed two new types of electronic devices. The fnst is a novel double quantum well far infra-red (FIR)
detector, which relies on photon-assisted inter-well tunneling. The second is a gate controlled tunneling transistor which relies on the extremely sharp tunneling resonances occurring in a 2D-2D configuration, and the easy tuning of 2D density with a Schottky gate. Both of these devices appear to have significant advantages over currently available devices on the market. A patent disclosure on the tunneling transistor has been submitted and is being processed at the date of this writing. In addition, we conceived of a novel fabrication technique for the back-gating of bottom quantum wells, based on ionimplanted backgates. A patent application on this technique has been filed. Finally, a new LDRD for FY 1995 was awarded to explore the feasiblity of this double electron layer tunneling transistor (DELTT) and also the FIR detector.
